TLRs are a major group of pattern recognition receptors that are crucial in initiating innate immune responses and are capable of recognizing Plasmodium ligands. We have investigated TLR responses during acute experimental P. falciparum (P.f.) infection in 15 malaria-naive volunteers. TLR-4 responses in whole blood ex vivo stimulations were characterized by significantly (p < 0.01) up-regulated proinflammatory cytokine production during infection compared with baseline, whereas TLR-2/TLR-1 responses demonstrated increases in both proinflammatory and anti-inflammatory cytokine production. Responses through other TLRs were less obviously modified by malaria infection. The degree to which proinflammatory TLR responses were boosted early in infection was partially prognostic of clinical inflammatory parameters during the subsequent clinical course. Although simultaneous costimulation of human PBMC with P.f. lysate and specific TLR stimuli in vitro did not induce synergistic effects on cytokine synthesis, PBMC started to respond to subsequent TLR-4 and TLR-2 stimulation with significantly (p < 0.05) increased TNF-␣ and reduced IL-10 production following increasing periods of preincubation with P.f. Ag. In contrast, preincubation with preparations derived from other parasitic, bacterial, and fungal pathogens strongly suppressed subsequent TLR responses. Taken C linical malaria is characterized by high levels of circulating proinflammatory cytokines, which are thought to contribute to the immunopathology of the disease. The balance between pro-and anti-inflammatory responses toward the parasite is considered critical for clinical protection. Too little immune activation results in uninhibited parasite growth, whereas too much activation may lead to immunopathology. The innate immune system initiates and thus sets the threshold of immune responses, yet we know little about how innate activation is regulated in malaria.
C linical malaria is characterized by high levels of circulating proinflammatory cytokines, which are thought to contribute to the immunopathology of the disease. The balance between pro-and anti-inflammatory responses toward the parasite is considered critical for clinical protection. Too little immune activation results in uninhibited parasite growth, whereas too much activation may lead to immunopathology. The innate immune system initiates and thus sets the threshold of immune responses, yet we know little about how innate activation is regulated in malaria.
TLRs are key receptors involved in the initial activation of the innate immune system (1, 2) , which are capable of recognizing a wide range of microbial components, including bacterial LPS, lipopeptides, and glycolipids, unmethylated bacterial DNA, and viral nucleic acids (3) . Plasmodium falciparum (P.f.) 3 -derived GPI moieties have long been known to induce potent TNF-␣ responses in macrophages (4), and recently it was shown that recognition of these membrane components from Plasmodium (5), as well as other parasites, including Trypanosoma (6) and Leishmania (7) , is mediated by TLR-2 and to lesser extent TLR-4. TLR-9 was further shown to recognize P.f. hemozoin (8) , a crystalline by-product of hemoglobin metabolism by malaria parasites, although more recently it has been suggested that in fact hemozoin-bound nucleic acids form the true ligand for this receptor (9) . TLR and other immune signaling pathways may be subject to modulation by a variety of mechanisms, most commonly downregulation following stimulation. Indeed, long before the discovery of TLRs, it was known that stimulation with endotoxin, now recognized to be the major ligand for TLR-4 (10), induces tolerance to restimulation, both in vitro and in vivo (11) .
Insight into how malaria infection affects innate immune responses is limited and most research in the past has focused on immune responses during the recovery phase of the disease (12, 13) .
In this study, we have used the unique opportunity provided by an experimental human malaria infection to study TLR responses during acute P.f. malaria in naive volunteers.
Materials and Methods

Reagents, parasites, and mosquitoes
containing 10% human AB ϩ serum and a 5% hematocrit erythrocyte suspension in an automated continuous culture system. Parasites were cultured in the absence of antibiotics and regularly screened for mycoplasma contamination and other microorganisms. One-to 3-wk-old female Anopheles stephensi mosquitoes were membrane fed on cultures containing mature gametocytes and housed for 2 wk until sporozoites developed. Batches of mosquitoes with Ͼ95% sporozoite positivity were used to infect volunteers.
For in vitro stimulation experiments, asynchronous cultures of NF54 strain parasites were harvested at a parasitemia of ϳ10 -20% and the mature asexual stages were purified by centrifugation on a 63% Percoll density gradient (16) . This purification step results in preparations with 80 -90% parasitemia, consisting of Ͼ95% schizonts/mature trophozoites. These preparations of parasitized RBC (pRBC) were washed twice in RPMI 1640 and used fresh in stimulation assays or freeze-thawed twice to obtain parasite lysate. Mock-cultured uninfected erythrocytes (uRBC) were obtained similarly and served as control.
Experimental human malaria infection
Fifteen healthy adult malaria-naive volunteers (5M, 10F; mean age 21.1yrs) underwent an experimental human malaria infection, similar to ones described previously (17) . After passing an extensive screening consisting of history, physical examination and biochemical analyses and signing informed consent, volunteers were infected with P.f. by bites from five infected female A. stephensi mosquitoes (day 0). From day 4 onwards, the volunteers were followed-up twice-daily by study physicians until they became thick-smear positive (approximately day 9) and were then treated with a standard curative regimen of artemether-lumefantrine. Clinical parameters were recorded at each visit and venous blood was drawn for detection of submicroscopic parasitemia by QT-NASBA (18) and biochemical analysis, including C-reactive protein levels by ELISA (DakoCytomation); in addition volunteers kept a daily logbook of symptoms and were trained in the home use of a standardized tympanic thermometer. The study was approved by the Nijmegen University institutional review board (CMO 2004/129).
Ex vivo stimulation assays
Venous whole blood was collected from experimental human malaria volunteers on day Ϫ1, day 8 (during blood stage infection), and day 21 (ϳ1 wk after treatment) in endotoxin-free lithium-heparin tubes (BD Biosciences), diluted to a final concentration of 1/5 in RPMI 1640, and plated out at 1 ml/well in 24-well tissue culture plates. Stimulation was performed for 24 h with a range of highly purified TLR ligands in three 10-fold serial concentrations.
PBMC stimulation assays
Venous blood was collected in EDTA tubes from other malaria-naive donors and PBMC isolated by density centrifugation on Ficoll-Hypaque (Amersham Biosciences). PBMC were plated into 96-well cell culture plates at a final density of 10 6 /ml in RPMI 1640 containing 1% glutamine, 1% pyruvate, 1% gentamicin, and 10% pooled human AB ϩ serum (Bodinko) and stimulated as indicated. In priming/restimulation experiments, cells were preincubated with the priming stimulus for the appointed duration, after which, plates were centrifuged (8 min ϫ 1400 rpm), and culture supernatants were removed and replaced with fresh culture medium containing the secondary stimulus.
Cytokine measurement
IL-1␤, IL-6, IL-10, and TNF-␣ in supernatants from whole blood stimulations were measured using the Luminex multiplex bead array system (Bio-Rad), lower detection limit 2 pg/ml, according to the manufacturer's instructions. IL-6, IL-8, IL-10, and IFN-␥ cytokine production in supernatants from PBMC experiments was measured by sandwich ELISA according to the manufacturer's instructions (Sanquin), TNF-␣ as described previously (19) .
TLR-expression by flow cytometry
Following 24-h in vitro incubation with P.f. Ag or controls, PBMC were cooled to 4°C for 15 min to detach adherent monocytes and harvested into FACS tubes. The cells were washed twice in 0.5% BSA/PBS and incubated for 15 min in the presence of the following mAbs: TLR2-FITC, TLR4-PE, CD14-allophycocyanin (all from eBioscience). Cells were washed twice more in FACS buffer and analyzed on a FACSCalibur flow cytometer (BD Biosciences). Monocytes were gated on scatter characteristics and CD14 positivity.
Statistical analysis
Statistical analysis was performed using SPSS 12.0 statistical software. Nonparametric tests were used to compare all paired (Wilcoxon signed (8,820 -16,200 ) and 959 (614 -1,060) pg/ml against LPS; 33 (9 -77), 48 (7-81), 3,880 (872-6210) and 156 (69 -234) pg/ml against Pam3Cys; 20 (8 -29), 41 (7-69), 1,774 (1,070 -4,520) and 81 (62-125) pg/ml against MALP2; 3 (Ͻ2-5), 6 (Ͻ2-11), 115 (21-540) and 4 (Ͻ2-9) pg/ml against CpG DNA (IL-8: 484 (200 -3,070) pg/ml); Ͻ2 (Ͻ2), Ͻ2 (Ͻ2), 4 (Ͻ2-14) and 2 (Ͻ2-3) pg/ml for RPMI 1640 control (data not shown). Lower detection limit Ͻ2 pg/ml. rank test) cytokine responses; correlation analysis between ex vivo cytokine production and the clinical parameters temperature and C-reactive protein levels on and around the day of thick-smear positivity was performed using Spearman's test; values of p Ͻ 0.05 were considered statistically significant in all analyses. In in vitro restimulation experiments, continued background cytokine production in primed but unrestimulated control cells was generally below or just around the lower ELISA detection limit (e.g., Ͻ100 pg/ml TNF-␣, Ͻ5 pg/ml IL-10), except for cells primed with LPS or heat-killed bacteria, which continued to produce small amounts of cytokine (Ϯ500 pg/ml). In Figs. 3 and 6, these background values are explicitly shown; in all other figures, any detectable background was subtracted from the values shown. Unless otherwise indicated, all in vitro experiments were performed with PBMC from at least five malarianaive volunteers, over at least two separate experiments.
Results
TLR responses during infection
To investigate TLR responses during early P.f. infection, we undertook an experimental human malaria infection and measured whole blood responses to a panel of specific TLR ligands before (day Ϫ1), during (day 8), and after infection (day 21). The clinical course in our study volunteers was typical for experimental human malaria (17) . All 15 volunteers developed patent parasitemia, as determined by thick-smear microscopy, after a mean of 9.9 days (range: 7.5-11.5) (Fig. 1A) . By day 8, most volunteers had developed some symptoms attributable to malaria (mainly headache and fatigue), but no overt signs except for slightly elevated tympanic temperature: (mean 37.9°C, range: 37.0 -39.4°C) (Fig. 1B) . All but one of the volunteers were shown retrospectively to be harboring submicroscopic parasitemia by day 8 or earlier (Fig. 1C) . Two of the 15 volunteers were excluded from day 8 analyses because they had started treatment before the day 8 measurements.
Responses to the TLR-4 ligand LPS showed the most consistent changes during malaria infection, with increased production of the proinflammatory cytokines TNF-␣, IL-1␤, and IL-6 ( Fig. 2A) , but no significant change in IL-10 response. The TNF-␣/IL-10 ratio was thus significantly elevated during infection (1.91 (range 1.16 -6.37) on day 8 vs 0.94 (0.33-3.29) on day Ϫ1, p ϭ 0.011). Responses to the TLR-9 ligand CpG DNA were generally low at all time points, without significant changes during infection (Fig. 2B) . Because the low TNF-␣ and IL-1␤ responses to CpG (Ͻ30 pg/ml) hindered meaningful analysis, we measured IL-8 in these samples as an additional marker of inflammatory response. Although marked changes were seen in some individual volunteers during infection, within the group as whole there was no significant increase in response (Fig. 2B) . TLR-2 responses displayed a more heterogeneous pattern during infection. Pam3Cys, a ligand recognized by TLR-2/TLR-1 heterodimers, induced higher production of TNF-␣ and IL-6, but also of the anti-inflammatory cytokine IL-10 (Fig. 2C) . Responses to MALP2, a ligand for TLR-2/TLR-6 heterodimers, were marked by lower IL-1␤ production, but no other significant changes during infection (Fig. 2D ). Responses to polyI:C (TLR-3) and loxoribine (TLR-7) did not show any significant changes during malaria infection (data not shown). By day 21, responses to most TLR ligands had returned to baseline levels (Fig. 2) . Thus, there is distinct modulation of individual TLR responses during acute P.f. infection.
Correlations between TLR responses and clinical parameters
No significant correlation was found between any individual cytokine responses to TLR ligands at baseline and the clinical parameters fever or C-reactive protein levels in the study volunteers. However, the extent of TLR priming, i.e., the ratio of TLR responses on day 8 relative to day 0 values, did correlate with these clinical parameters. Priming of the TNF-␣ response to LPS correlated positively with maximum C-reactive protein levels per volunteer (R 2 0.63, p ϭ 0.028), as did the increase in TNF-␣/IL-10 ratios (R 2 0.71, p ϭ 0.01). TNF-␣ responses to CpG DNA were too low to measure reliably, but relative priming of the IL-6 response to CpG correlated strongly with the highest recorded temperature per volunteer (R 2 0.89, p Ͻ 0.001). Thus, although an individual's baseline TLR reactivity did not predispose to inflammatory manifestations of malaria, the extent to which these responses were primed early during infection, correlated to an extent with clinical signs of inflammation later in the course of disease.
P.f. induces proinflammatory priming of the LPS response in PBMC
To further investigate the modulation of TLR responses by P.f., we studied this phenomenon in vitro by preincubating PBMC with P.f. lysate or controls and measuring the response to subsequent LPS stimulation (Fig. 3A) . As expected from previous endotoxin studies (20) , PBMC primed with 1 ng/ml LPS no longer responded to restimulation with additional LPS, although these cells did demonstrate some background cytokine production, particularly IL-10. Following priming with crude P.f. Ag in contrast, TNF-␣ responses to LPS were boosted. This elevated TNF-␣ production did not represent a continued response to P.f. Ag itself, because little to no cytokine was produced by P.f.-primed cells restimulated with RPMI 1640 only. Interestingly, priming with P.f. Ag led to a reciprocal decrease in the IL-10 response to LPS (Fig. 3B) , resulting overall in a markedly more proinflammatory innate immune response. Responses to LPS were not affected by preincubation with lysate of mock-cultured uninfected RBC (Fig. 3) . Live P.f.-infected RBC induced a similar degree of priming to LPS as pRBC lysate did (data not shown). Thus also in vitro, P.f. Ag primes PBMC to respond in more proinflammatory way to subsequent TLR-4 stimulation. Such priming was seen in all donors (n Ͼ 20) we have tested so far.
Priming by P.f. Ag affects a broad range of immune responses
The proinflammatory priming effect of P.f. Ag in vitro was not limited to TLR-4 responses. Similar effects were observed on responses to the TLR-2/TLR-1 ligand Pam3Cys, the TLR-2/TLR-6 ligand MALP2 and the TLR-5 ligand flagellin (Fig. 4, A and B) . Restimulation with the TLR-3 ligand polyI:C, the TLR-7/TLR-8 ligand loxoribine and the TLR-9 ligand CpG ODN did not result in measurable TNF-␣ or IL-10 production by PBMC, either with or without preincubation with P.f. Ag (data not shown).
Next, we investigated whether preincubation with parasite Ag also modified responses to restimulation with whole microorganisms. Following preincubation with P.f., PBMC responded to heatkilled E. coli in a more proinflammatory manner, in accordance with the high LPS content of this Gram-negative bacterium (data not shown). Responses to restimulation with P.f. itself demonstrated a similar pattern. Although TNF-␣ responses to restimulation with live pRBC were generally low in absolute terms (Fig.  4C) , the production of IFN-␥, a stronger marker of the proinflammatory immune response by PBMC to P.f. (21, 22) , was clearly increased following priming. Thus, priming by P.f. Ag in vitro is a phenomenon that affects not only multiple TLRs but also responses to whole microorganisms, including asexual P.f. parasites themselves.
Priming by P.f. Ag is not due to simple synergy with a secondary stimulus but requires time to develop fully
We investigated whether priming by P.f. Ag simply represents a synergistic effect of two simultaneous stimuli. However, no synergy was found when PBMC were stimulated simultaneously with LPS and P.f. Ag (Fig. 5, A and B) . Instead, a period of preincubation with P.f. Ag was required to induce proinflammatory priming of TLR responses by PBMC. Such priming was first seen after 6 h of preincubation with P.f. Ag, but required up to 48 h to develop maximally (Fig. 5C ). In contrast, the TLR-4 tolerance induced by LPS itself was reached fully within 6 h. Some proinflammatory effect on TLR-4 responses was still seen after up to 120 h of preincubation with P.f. Ag, indicating that even over longer time periods P.f. does not induce TLR tolerance. The temporal pattern of TNF-␣ priming was mirrored by a decrease in IL-10 responses (Fig. 5D) . A similar time course was seen for TLR-2 responses (data not shown).
Priming of TLR responses is restricted to P.f. Ag
To discover whether priming of innate immune responses is a ubiquitous feature of microorganisms, we used extracts of a panel of common human pathogens. The proinflammatory effect on TLR responses appeared to be a unique characteristic of Plasmodium parasites, because preincubation of PBMC with extracts of a range of bacterial, fungal, and parasitic microorganisms induced tolerance to subsequent TLR stimulation (Fig. 6 ). The only exception was a slight priming of TLR-2 (Pam3Cys) responses by soluble egg Ag of S. mansoni, which may represent part of the pathway toward the Th2-type responses known to be induced by this pathogen (23) (data not shown).
Because P.f. Ag induced relatively weak primary responses by PBMC compared with LPS or other microorganisms, we asked whether P.f.-induced priming might be a dose-dependent phenomenon. Priming by P.f. Ag was found across a wide range of Ag concentrations and the level of priming was correlated positively with Ag concentration. In contrast, responses to restimulation with LPS following preincubation with either LPS or heat-killed E. coli Ag remained suppressed across a range of concentrations, indicating that priming was not simply a ubiquitous consequence of lowlevel stimulation (Fig. 7) . Similar results were obtained in dilution experiments with the TLR-2 ligand Pam3Cys and heat-killed S. aureus Ag (data not shown).
Priming of TLR responses by P.f. is not associated with increased TLR expression
Finally, we measured TLR-expression on monocytes by flow cytometry to discover whether P.f. Ag causes an up-regulation of these receptors. Following incubation for 24 h with either LPS or Pam3Cys in vitro, TLR expression on monocytes demonstrated typical changes (24, 25) , with lower TLR-4 and higher TLR-2 (Table I) . Following similar incubation with P.f. Ag, however, no FIGURE 6. LPS-induced cytokine responses by PBMC after preincubation with a panel of human pathogenic microorganisms. PBMC were preincubated with either RPMI 1640 only, crude P.f. Ag, uRBC lysate, 5 mg/ml Schistosoma egg Ag, 10 7 CFU/ml heat-killed E. coli, 10 7 CFU/ml heat-killed S. aureus, 10 7 CFU/ml heat-killed C. albicans, or 5 mg/ml crude MTB Ag. After 24 h, supernatants were discarded and cells restimulated for 6 h with 1 ng/ml LPS (f) or RPMI 1640 only (Ⅺ). Data represent mean values of five donors in two separate experiments (A, TNF-␣; B, IL-10); ‫,ء‬ p Ͻ 0.05 vs unprimed cells (Wilcoxon). change in TLR-expression was seen. Thus the priming effect of P.f. on TLR responses is not mediated through an increased expression of these receptors.
Discussion
Using an experimental human malaria model, we have shown for the first time that TLR responses are individually modulated during acute P.f. infection, with TLR-4 signaling in particular primed toward a more proinflammatory response and TLR-2/TLR-1 responses demonstrating an increase in both pro-and antiinflammatory cytokines. In contrast, responses through other TLRs did not change appreciably. In vitro we demonstrate that this proinflammatory priming of TLR responses involves more than simple synergy because the priming effect of P.f. requires up to 48 h to develop maximally. Furthermore, we find that priming is a unique characteristic of P.f. among a panel of common human pathogens. Our data complement a recent microarray analysis of both experimentally infected volunteers and naturally infected malaria patients, which suggests an up-regulation of inflammatory pathways during early malaria infection (26) . Although lacking functional data and limited by uncertainty over the precise cellular source, the report clearly demonstrates an up-regulation of PBMC mRNA transcripts coding for various components of both innate and adaptive inflammatory pathways, including a number of TLRs, MyD88, NF-B, and IFN-␥, during presymptomatic infection. Furthermore, whereas the authors found that IL-10-mediated antiinflammatory pathways were up-regulated in the clinical malaria patients, they were notably absent in their presymptomatic volunteers, supporting the proinflammatory bias early during infection. Interestingly, whereas transcripts of TLR-4, TLR-2, and TLR-1 (the coreceptor for the ligand Pam3Cys) were up-regulated during malaria, TLR-6 (coreceptor for MALP2) was not, which follows the pattern of our ex vivo TLR responses.
Others have previously suggested that malaria primarily has a suppressive effect on TLR signaling, possibly through cross-tolerance following recognition of Plasmodium Ags by TLRs (27) . Supportive data come primarily from historical studies involving Plasmodium vivax infections used therapeutically for (neuro) syphilis (12, 28) in which patients or volunteers demonstrated suppressed clinical responses to respectively typhoid vaccination and injected endotoxin following malaria infection. In addition, a more recent study in a Plasmodium yoelii murine malaria model found that dendritic cell responses to TLR stimulation become significantly more anti-inflammatory by day 17 post infection, but not by day 3 (13) .
A possible explanation for these discrepancies is that these latter studies measured responses following the peak of malaria-induced inflammation. The classic human studies recorded diminished endotoxin responses during recovery from clinical malaria, i.e., following the peak pyretic response. This fits with the well-known phenomenon that ex vivo responses to stimulation are depressed following situations of immunological stress, including sepsis (29) and surgery (30) . It may be that TLR tolerance is a ubiquitous phenomenon following overactivation of the immune system. In one of the above P. vivax studies, for example, all four of the volunteers who had developed malarial fever, but only one of the four infected volunteers without fever, subsequently manifested endotoxin tolerance; of the other three, one in fact had an increased endotoxin response (12) . Diminished endotoxin responses in this study may also have been secondary to chloroquine, known for its anti-inflammatory properties, because all measurements were performed within a week of initiating therapy, well within the half-life of this drug (31) .
It may therefore be that malaria infection has a biphasic influence on the innate immune system, initially inducing priming but later suppression. This theory is supported by to a certain extent by the previously mentioned murine study, in which dendritic cell responses to TLR stimulation were found to become antiinflammatory only during the postacute phase of malaria (13) , and by the microarray paper, in which IL-10 mediated antiinflammatory pathways were up-regulated only in clinical malaria patients but not presymptomatic volunteers (26) . Although biphasic responses are common to homeostasis in general, to our knowledge no other example of early proinflammatory priming of human innate responses in vivo has been published; indeed, following experimental human endotoxemia, a clinical model in which TLR responses have been most extensively studied, induction of TLR tolerance occurs within hours of challenge, without any antecedent priming (P. Pickkers, unpublished observations).
Whereas it is helpful that innate responses automatically downregulate following immune overactivation, it might prove clinically beneficial to prevent this pathological state in the first place, e.g., through GPI vaccination (32) , or at least ameliorate it through early targeted pharmacological modulation of TLR responses. In this last regard, we have noted that the level of proinflammatory TLR priming induced by malaria among our volunteers by day 8 (early infection) correlates with clinical inflammatory parameters such as fever and C-reactive protein levels during later stages of infection.
Because many other protozoan (33) (34) (35) and filarial (36, 37) parasites can induce TLR suppression, it has been suggested that induction of TLR inhibitory pathways, originally evolved as a homeostatic mechanism to protect against overstimulation of the immune system (38) , forms a common strategy by pathogens toward immune evasion (39) . To our knowledge, only one other example of proinflammatory priming by a microorganism exists in the literature, although in this Propionibacterium (Corynebacterium) model (40, 41) only TLR-4, not TLR-2, pathways are effected in vivo, whereas in vitro all TLR responses are suppressed (42) . Priming of TLR responses, both in vivo and in vitro, is also known to occur following tissue injury (43) .
Various new questions thus arise from our finding, including the molecular and cellular mechanisms by which P.f. Ag induces priming. Although it is as yet unclear which component of P.f. Ag causing proinflammatory priming, it is tempting to speculate that one of the defined P.f.-derived TLR ligands, i.e., either GPI moieties or hemozoin-bound nucleic acids, are involved. In this regard, our preliminary data suggest that priming can be caused by both soluble and insoluble parasite components, suggesting both ligands may play a role.
Modulation of TLR-responses in endotoxin tolerance has been associated with changes in both cell surface TLR expression and intracellular signal transduction pathways (44, 45) . We therefore performed measurements of TLR expression by flow cytometry to see whether TLR priming by Plasmodium was associated with changes in receptor abundance; however, TLR-2 and TLR-4 expression on monocytes were not altered following preincubation with P.f. in vitro. It remains to be proven whether modulation of downstream intra-and intercellular signaling pathways are involved. In the Propionibacterium model, for example, TLR-9-mediated production of IFN-␥ and IL-12 is required to induce priming (46) .
We further propose that it is monocytes/macrophages that are the likely targets of P.f.-mediated priming. These cells form the majority of APCs in PBMC populations, can directly recognize and phagocytose parasites (47) , are crucial in supporting the IFN-␥ response by NK cells to pRBC (48) , and are capable of rapid direct cytokine responses to TLR ligands (i.e., within the 6-h timeframe of our in vitro restimulation assays).
Another question relates to which secondary stimulus-following priming of TLR pathways by pRBC-actually triggers the excessive inflammatory response seen in clinical malaria. The prime candidates are of course Plasmodium parasites or parasite derived Ags, which are known to form ligands for TLRs (5, 8) . Indeed, we show here that priming by P.f. Ag in vitro boosts subsequent PBMC responses to live parasites. However, the role of other coincidental triggers in malaria patients cannot be excluded. We have found that responses to other pathogens, such as heat-killed E. coli, are equally well primed by pRBC. Furthermore, it is known that mucosal barriers can become leaky during malaria infection (49) , exposing the immune system to intestinal flora, and, indeed, nontyphoidal Salmonella bacteremia is commonly associated with parasitemia (50), although its effect on clinical outcome may be limited (51) .
In summary, P.f. primes human TLR responses toward a more proinflammatory cytokine profile, a characteristic exceptional among microorganisms, a finding which may shed new light on the pathogenesis of this serious disease.
